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SUMMARY 


A program was conducted to develop and demonstrate the technology for 
critical structural joints of a composite wing structure that meets all 
the design requirements of a 1990 commercial transport aircraft. 

The program was divided into two phases. Phase I was completed in 
September of 1983, during which the procedures for bolted composite joint 
design and analysis were developed. Tests were conducted at the element 
level to supply the empirical data required for methods development 
(Reference 1). Large composite multi row bolted joints were tested to 
verify the selected design concepts and for correlation with analysis 
predictions (Reference 2). The Phase I summary is reported in Reference 3. 
The Phase II program included additional tests to provide joint design and 
analysis data, and culminated with several technology demonstration 
tests of a major joint area representative of a commercial transport wing. 

The region selected for the Phase II test program was the wing root 
splice at the lower rear spar at the side of the fuselage. Because 
of the complexity of this region, the test program was formulated to 
investigate portions of this area individually. The stringer 
transition joint was tested as a separate specimen, while portions 
of the corner joint representing the skin, spar cap and spar web 
splices were tested as subcomponents. The test program, as illustrated 
on the following page, culminated with the testing of a large specimen 
representing the skin and spar cap corner splice with the skin 
terminating just aft of the first stringer. 
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COMPOSITE WING STRUCTURE 
LOWER REAR SPAR AND STRINGER 
CONCEPTUAL JOINT 



TECHNOLOGY DEMONSTRATION JOINT 




SECTION 1 
INTRODUCTION 


This report contains the results of several design verification and 
technology demonstration tests conducted during Phase II of the Critical 
Joints Program. The major objective of this investigation was to 
develop and demonstrate the technology for critical structural joints of a 
composite wing structure that meets all the design requirements of a 1990 
commercial transport aircraft. The specific objective of the test program 
described in this report was to verify the structural integrity of 
selected design concepts and to provide data for correlation with 
analytical predictions. 

The procedures and results for four large multi row bolted joint tests are 
presented. The first to be tested was a wing skin/stringer transition 
specimen representing a stringer runout and skin splice on the wing lower 
surface at the side of the fuselage attachment. The second and third 
specimens to be tested were referred to as "technology demonstration 
subcomponents." These two specimens were tested as representati ve 
sections of the upcoming technology demonstration article which was 
the fourth and final specimen to be tested in Phase II of the program. 

The technology demonstration article consisted of a large bolted joint 
representing the lower wing skin and rear spar joint at the side of the 
fuselage joint. The specimen extended forward from the rear spar up to but 
not including the aft stringer. 

All tests were static tension tests. In some cases, the joint specimens 
were loaded to what was considered a "limit load" level and, following a 
return to zero load, were visually inspected for any damage or flaws that 
may have propagated under load. In each case, the joint elements 
representing the wing structure to be attached were made of fibrous 
composite laminates. The Ciba-Geigy 914/T300 material system was used in 
10-mil tape form. All laminates used a (37. 5': : 0°, 501 t 45°, 12.5% 90°) 
fiber pattern. The splice members in each case were metallic, using 
combinations of aluminum and titanium materials. 
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This report is divided into three separate sections. Each section 
includes a discussion of the test article, instrumentation, test setup, 
test procedures, and test results for each of the four specimens. Because 
of their similarity, the two demonstration subcomponent tests are 
discussed in a single section. 
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SECTION 2.1 


STRINGER TRANSITION TEST 
TEST ARTICLE 


The stringer transition specimen was the first of several larqe multi row 
bolted joints to be tested in Phase II. The concept, shown in Figure 1, 
consists of an integral wing skin and blade stringer, representative of 
the lower wing surface. The selected design approach transitions the 
stringer into the skin as it meets the bolted shear joint at the side of 
the fuselage, as opposed to providing a bolted connection through the 
stringer itself to the center wing box. The stringer blade is scarfed 
along the length of the bolted joint while a thickness buildup occurs 
in both the skin and the stringer. 

Several concepts for the fabrication of the integral skin and stringer 
were evaluated from both a manufacturing and structural integrity 
standpoint. The design objective was to provide a smooth transition from 
the skin structure to the bolted joint with a minimum of complexity in 
the fabrication procedures without sacrificing any structural requirements. 
Of primary concern was the tip of the stringer transition, where high load 
transfer combined with stress concentration effects could lead to critical 
out-of-plane forces. Thus, the selected concept maintained continuous 
plies wherever possible and thickness transitions were achieved with taper 
angles that were shallow enough to reduce peel forces below critical 
levels. 

The skin -buildup at the stringer end was accomplished by interspersing 8 
plies among the 16 plies which form the upper portion of the skin (and 
turn up to form the stringer blade). The blade end is then thickened 
along with the skin, as shown in Figure 2. Four additional plies were 
added on each side of the basic blade to buildup the required blade 
thickness and are fanned out at the skin buildup. These additional plies 
are on the external surface and are not interspersed. The tooling concept 
for the specimen is illustrated and explained in Figure 3. This specimen 


3 





BASIC SECTION 



A- A 


PLACES) 


FIGURE 2 STRINGER TRANSITION CONCEPT 
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FIGURE 3 STRINGER TOOL AND FABRICATION CONCEPT 



was fabricated, as shown in the figure, by laying up a channel section, 
cutting the section in half, and placing these sections back to back to 
form the blade and upper portion of the skin. This assembly is then 
placed on top of additional plies to form the required skin thickness 
and the part is cured. The fabrication concept was developed with a 
complete cover panel in mind, extending from leading edge to trailing 
edge. The procedure would consist of laying up several channel sections 
and placing them back to back (without cutting the section in half). 

The cured laminate is shown in Figure 4, prior to being machined to 
final dimensions. 

Details of the stringer transitions test article are presented in 
Figures 5 through 10. These figures indicate all the pertinent specimen 
dimensions including laminate thicknesses and fastener sizes. The 
specimen was fabricated with a stringer transition at each end, and the 
titanium splice plates were extended to form the points of attachment to 
the test machine. This approach greatly simplified the specimen and its 
assembly by combining the test section joints with the end fittings. The 
splice plate was machine tapered and spotfaced at the fastener holes. All 
fasteners were made of titanium. A close-up view of the unbroken end of the 
specimen after testing is shown in Figure 11. 




BLADE STRINGER 



FIGURE 5 STRINGER TRANSITION JOINT - PLAN VIEW 








FIGURE 6 STRINGER TRANSITION JOINT 

- SIDE VIEW (WITH LOWER SPLICE) 
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FIGURE 9 STRINGER JOINT END FITTING - PLAN VIEW 
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FIGURE 10 STRINGER JOINT END FITTING - SIDE VIEW 
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FIGURE 11 STRINGER JOINT TEST SPECIMEN 



SECTION 2.2 

STRINGER TRANSITION TEST 
INSTRUMENTATION 


The stringer joint specimen was equipped with 15 axial strain gages to 
monitor the performance of the bolted joint and the basic skin/stringer 
section. The selected strain gage locations are shown in Figure 12 
through 14 (taken from Douglas TAD - ZCA10200). 

The gage locations shown in Figure 12 were selected to measure the load, 
levels in the stringer blade as it is increased in thickness and is 
scarfed into the skin. Gages 3 and 6 in Figure 13 were located to monitor 
the strain levels in the skin prior to and immediately following the 
build up in thickness, providing the gross-section strain levels outside 
the bolted joint. The tip of the stringer transition was identified as a 
potentially critical location because of the high load transfer occurring 
at that point combined with the local stress concentration effects. Gage 
13 was placed as close as possible to the blade/skin intersection point. 

The remaining gages shown in Figure 14 were used to monitor loads in the 
titanium splice plates away from the joint and at a point one bolt row 
removed from the predicted failure location. 

All axial gages used were type EA06-125AC-350. The gage mounting surfaces . 
were prepared using GA2 epoxy as a base filler material. Light sending was used 
to smooth mounting surfaces as required. All gages were bonded to the 
prepared surface with MBOND 200 adhesive and sealed with clear RTV 
silicone. The side restraint used to react out-of-plane kick forces 
(see discussion in Test Setup section) was equipped with a 10,000 pound 
capacity load cell to monitor these forces throughout the test. 

The data aquisition system used for the test consisted of a Tektronix 4054 
Graphics and Data Aquisition System, capable of single point or continuous 
read of strain gage and load cell output. The system is shown in Figure 15 
along with a Tektronix printer which provided hard copies of the test 
data as required during the test. Also shown is the load control system 
for the mechanical test machine used to apply test loads. 
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FIGURE 14 STRINGER TRANSITION - STRAIN GAGE LOCATIONS 
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Since this specimen was designed with a "test section" at each end, only 
one side of the specimen was equipped with strain gages. The other side 
was coated with a photo-elastic material to provide a qualitative 
assessment of the structural response. The composite member was coated 
over the blade and skin to a point sufficiently beyond the bolted joint 
and thickness transitions. The upper titanium splice plate was also 
coated to examine the hole shadowing and stress concentration effects. 
(See Section 2.4 on Test Results for photographs of the photo-elastic 

material response.) The coating used for this specimen consisted of 
Ciba-Geigy 502 resin with Furane 951 hardner photo-elastic material. 
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FIGURE 15 DATA ACQUISITION SYSTEM 





SECTION 2.3 


STRINGER TRANSITION TEST 
TEST SETUP 

The stringer transition specimen was tested in a 1,100,000 pound capacity 
Baldwin test machine. The specimen was mounted vertically in the test 
machine with the specimen end fittings attached to the machine clevises 
through a standard pin loading arrangement. The overall test setup is 
shown in Figure 16. The asymmetry of the specimen required that a side 
restraint be used to restrict out-of-plane deflections. The side 
restraint system consisted of an aluminum beam which spanned across to 
the test machine support towers and was rigidly clamped. A 10,000 pound 
capacity load cell was mounted to the beam with a load block that 
contacted the outer skin side of the specimen. The shifting center of 
gravity of the specimen caused deflections to occur which would place 
additional tension load on the skin side. Thus, the load cell need 
only react compression forces. The specimen was given enough length to 
allow the reaction point to be representative of the first outboard rib in 
a typical wing structure, so that restricting the out-of -plane deflection 
at that point was not unrealistic. A close-up view of the specimen 
installation including the side restraint is shown in Figure 17. 
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FIGURE 16 


STRINGER JOINT TEST SETUP 
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FIGURE 17 STRINGER TRANSITION SPECIMEN INSTALLED IN TEST MACHINE 
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SECTION 2.4 . 

STRINGER TRANSITION TEST 
TEST PROGRAM - PROCEDURES AND RESULTS 

The intent of the stringer transition joint test was to determine 
the static tension strength of a bolted splice and stringer runout concept 
for the side of the fuselage attachment, and to correlate these results 
with analysis predictions. The objective was to maximize the bolted joint 
strength while avoiding a premature failure of the stringer transition. 

After the photo-elastic coating was completed the specimen was installed 
in the test fixture and loaded to approximately 40,000 pounds. The strain 
distributions indicated by the coating were visually examined to assist in 
the. final selection of strain gage locations. The specimen was then 
removed from the test fixture and strain gages were applied. 

After re-installing the specimen in the test fixture, the load application 
and data acquisition systems were checked to ensure proper operation. The 
static test then began with axial tension load applied to the specimen in 
increments of 10,000 pounds. Strain readings were taken at each load 
increment up to 120,000 pounds of applied load. Photographs of the photo- 
elastic material were taken at increments of 20,000 pounds up to the 80,000 
pound load level. The specimen was then loaded at a constant rate to static 
failure with the data acquisition system taking continuous data samples at 
approximately 0.6 second intervals. 

The bolted joint failed in the analytically predicted location at an 
ultimate load of 197,200 pounds, or at a running load intensity of 34,300 
pounds per inch. This corresponds to an average gross-section stress level of 
about 50,000 psi in the basic section, prior to the thickness buildup outside 
the joint. The failure mode was a net-section tension failure which occurred 
through the first (outermost) row of fasteners at a high-bypass, low-bearing load 
combination,- followed by a tension failure through the minimum section of 
' the'-stringer^blcide. Figures 18 through 23 show the specimen failure viewed 
from several different angles. 
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FIGURE 18 STRINGER TRANSITION TEST - FAILED SPECIMEN 
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FIGURE 20 STRINGER TRANSITION TEST - FAILED SPECIMEN 





STRINGER TRANSITION TEST - 


FAILED SPECIMEN 


FIGURE 22 
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FIGURE 23 STRINGER TRANSITION TEST - I All I i! SPECIMEN 




The analytically predicted strength of 183,700 pounds was roughly 7 percent 
below the tested value. A detailed discussion of the analytical approach 
and resulting correlation will be presented in the contract Final Report. 

Strain readings taken throughout the test are presented numerically and 
graphically in Appendix A. The data indicates a strain level in the skin 
prior to the buildup of 5,891 microstrain, which corresponds to an average 
strain in the skin at the bolted joint of roughly 4,700 microstrain. The 
predicted value of 5,94b microstrain at the same location shows excellent 
correlation between analysis and test results. The actual strain readings 
taken immediately outside the joint at gage number 6 indicate a somewhat 
lower value, but this result is attributable to the changing cross-section 
and inherent variations in the stress distributions. All strain gage 
results were plotted in pairs versus applied load with the exception of 
gage number 13, which apparently broke a wire or lost sufficient contact 
at a point between 100,000 and 120,000 pounds of applied load. (Appendix 
A contains a plot of the gage 13 readings during the continuous ramp from 
100,000 to 120,000 pounds of applied load, illustrating the point at which 
gage effectiveness was lost.) Gage number 13 was placed on the edge of 
the stringer blade at the tip of the transition. By extrapolating the 
readings taken up to 100,000 pounds of applied load, the strain level at 
the tip of the blade (at failure of the joint) would apparently have 
reached 8,000 to 9,000 microstrain. The erratic readings of qaqe 12 are 
also suspect. Continuous plots of gage 12 output during the failure ramp 
are contained in Appendix A, showing the erratic response. Strain 
readings from all other gage locations behaved generally as expected. 

The purpose of the photo-elastic survey was to provide a qualitative 
assessment of specimen stress/strain distributions. It is possible to 
obtain quite accurate stress measurements by this technique through the 
use of a polariscope, whereby the photo-elastic fringe orders can be 
precisely measured (to within 0.01 fringe orders). However, such a level 
of accuracy was not required for this test program since it was possible 
to mount strain gages directly to the external surfaces of the specimen at the 
opposite end. 
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The first observations of the photo-elastic response were made prior to 
mounting the strain gages as described in Section 2.2 on instrumentation. 
Photographs taken during the static test to failure are presented in 
Figures 24 through 26 for the 40,000, 60,000, and 80,000 pound load 
levels. The actual fringe orders are more discernible with color 
reproductions of the photographs; the fringe orders of interest are 
identified on each figure. (Each fringe order corresponds to a stress 
variation of roughly 10,000 psi.) Figure 24 taken at the 40,000 pound 
load level shows minor variations in the stress levels throughout the 
stringer blade. A single fringe order is visible at the base of the blade, 
just outside the bolted joint. At the 60,000 pound load level the 
fringe orders have become more apparent as shown in Figure 25 . The change 
in direction or "bend" in the first fringe order (now roughly at the 
center of the blade) results from the decrease in stress level due to the 
thickness buildup in the skin and stringer, combined with the presence of 
an additional load path through the fasteners into the splice members. 

This phenomenon is more apparent in Figure 26 taken at 80,000 pounds 

applied load which clearly reflects the higher stress levels and the 

rapid variations along the stringer blade. The stress distribution indicated by 

this photo suggests that a more shallow scarf angle in the blade would 

result in a more efficient section without adversely effecting the bolt 

load distributions. A more gradual scarf is desirable from the standpoint 

of relieving the stress concentration at the tip of the blade transition. 

'The photographs shown in Figures 27 through 28 show a view of the specimen 
looking down at the edge of the stringer blade and at the upper surface of 
the titanium splice. Two general observations can be made from these 
photographs. First, the stress concentration at the tip of the stringer 
transition is clearly visible in each figure. This point had been identified 
as a potentially critical location; it was unfortunate that the 
strain gage mounted on the opposite blade became ineffective during the 
test, as previously discussed. Second, the complex stress distributions that 
are visible on the surface of the titanium splice illustrates the difficulty in 
making strain gage measurements of joint members to determine bolt load 



distributions. The effects of stress concentrations (due to the fastener holes 
and spotfacing) and hole shadowing (low stress regions between fasteners) make 
it extremely difficult to place a strain gage in a location that would 
provide a measurement that could be directly correlated with an average 
stress or load 1 evel . 
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FIGURE 25 PHOTO-ELASTIC SURVEY - STRINGER BLADE 
APPLIED LOAD - 60,000 POUNDS 
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FIG URL 26 PHOTO-ELASTIC SURVEY - STRINGER GLADE 
APPLIED LOAD = 80,000 POUNDS 






FIGURE 27 PHOTO-ELASTIC SURVEY - UPPER SPLICE 
APPLIED LOAD = 40,000 POUNDS 
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FIGURE 28 PHOTO-ELASTIC SURVEY - UPPER SPLICE 
APPLIED LOAD = 80,000 POUNDS 









SECTION 3.1 


TECHNOLOGY DEMONSTRATION SUBCOMPONENT SPECIMENS 
TEST ARTICLES 

Two demonstration subcomponent specimens were fabricated and tested as 
representative sections of the upcoming technology demonstration article. 
These specimens were designed to provide some insight into the performance 
of the larger and more complex corner joint, and to develop a sufficient 
level of confidence in the selected analytical approach. Thus, the member 
thicknesses, fastener sizes, and overall geometry of the subcomponents 
were identical to the corresponding portions of the technology demonstration 
article. 

Demonstration subcomponent specimen number 1 (hereafter referred to as 
subcomponent #1) represents the wing skin and spar cap portion of the side 
of fuselage splice at the lower rear spar. Figure 29 shows the technology 
demonstration article and illustrates that portion which is represented by 
subcomponent #1. This is the most complicated area of the demonstration 
article, where the spar cap and skin sections are spliced externally by a 
titanium splice, and internally by both a titanium "tee" splice and the 
aluminum corner fitting. Figures 30 and 31 show the pertinent specimen 
dimensions. The machined aluminum fitting was designed to approximate the 
effects of the aluminum corner fitting found in the actual corner joint. 


Subcomponent #2 is representative of the spar cap and spar web portion of 
the corner joint. The composite laminates are spliced on the web side by 
a titanium splice plate and on the spar cap side by an aluminum "bath tub" 
fitting representing the vertical leg of the actual corner fitting. 
Subcomponent #2 was tested with a single column of fasteners, just as is 
found in the technology demonstration article. The specimen dimensions 
and geometry are shown in Figures 32 and 33. 


4G 



For both specimens, the metallic splice members were machine tapered and 
spotfaced to accomodate the titanium fasteners. Load indicating bolts 
were used to attach the aluminum fittings in order to monitor the amount 
of load transferred through those members in each test. All composite 
laminates were of constant thickness with several field fasteners used to 
attach the two test laminates outside the joint area (typical of the 
actual structure). The laminates were widened or "dog-boned" at the 
specimen ends to accomodate the large diameter holes necessary for the 
pin-loaded attachments to the test machine. Aluminum doublers were 
bonded to the ends of each specimen for reinforcement at the point of load 
introduction. Each laminate was c-scanned prior to assembly showing 
acceptable results in all cases. 



. FIGURE £9 DEMONSTRATION SUBCOMPONENT CONCEPT 
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FIGURE 30 SUBCOMPONENT #1 - PLAN VIEW 




FIGURE 31 SUBCOMPONENT #1 - S I DEVI EW 
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FIGURE 32 SUBCOMPONENT # 2 - PLAN VIEW 



FIGURE 33 SUBCOMPONENT #2 - SIDE VIEW 




SECTION 3.2 


DEMONSTRATION SUBCOMPONENT SPECIMENS 
INSTRUMENTATION 

The instrumentation requirements for the two demonstration subcomponent 
specimens consisted of axial strain gages and load indicating bolts. 
Subcomponent #1 was equipped with 14 gages mounted in the locations shown 
in Figure 34. The gage locations were chosen to provide direct 
measurements of the load levels in each laminate and titanium splice. 

Several gages were also located along the bolted joint on the edge of each 
member to examine the load distributions between rows of fasteners. In 
addition to strain gages, two load indicating bolts were used to measure 
the amount of load transferred through the aluminum fittings. This 
approach was selected because of the relatively complex geometry of the 
fittings. The fitting design(s) did not afford a suitable location for 
mounting strain gages that would result in a true measurement of the total 
load transfer. 

Subcomponent #2 was instrumented in the same manner as the previous 
specimen with 12 axial strain gages located as shown in Figure 35. A 
single load indicating bolt was used at the interface between aluminum 
fittings for load transfer measurement. 

The strain gages were again type EA06-125-AC-350 and the same mounting 
procedures were used as described in Section 2.2 for the stringer 
transition specimen. The load indicating fasteners used for the two tests 
were model SDH-QB, manufactured by the Strainsert Company. Subcomponent 
#1 was assembled with two 5/8-inch diameter bolts while subcomponent #2 
used a single 3/4-inch diameter bolt. These fasteners are equipped with 
type EA-06-S1262-175 strain gages which measure the strain in the fastener 
under applied axial load. The fasteners were calibrated by the manufacturer 
prior to shipment, and the calibration data was provided in the form shown 
in Table 1. The same side restraint mechanism employed in the stringer 
transition test was used for the two subcomponents. A 10,000 pound 
capacity load cell was used to monitor the out-of-plane forces reacted by 
the... si.de restraint. 
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FIGURE 34 SUBCOMPONENT #1 - StRAIN GAGE LOCATIONS 
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FIGURE 35 SUBCOMPONENT #2 - STRAIN GAGE LOCATIONS 





TABLE i 


STRAINSERT 
CALIBRATION DATA 


Douglas Aircraft 
Long Beach, CA 


Customer P.0. No. 4CY361229-9 


Transducer: 12-pt. Cap Screw 


Q - 7 098 

Strainsert Job No. 
Date: 2/20/84 

Sign: CGH 


(SDH-QB ) 5/8-18NF x 3-1/4 
(350ft/300°F) C To K So 


Gages: EA-06-S1262-175 Type; C (Viking VR7-4AG15) 

Service Temp.: 300 F Max. Ins. Res.: Over 10,000 megohms 

Cal i b . Temp.: 70°F S/N: Q7098-1 


Load 

LBS. 

0 

5,000 

10,000 

15.000 

20.000 

25.000 

20.000 

15.000 

10.000 

5,000 

0 


Strai gh t 
Line 
Signal 

ye 

0 

635 

‘ 1,270 

1,905 

2,540 

3,175 

2,540 

1,905 



0 


Deviation, ye 

Run 1 

Run 2 

Run 3 

0 

0 

'0 

-1 

-1 

-1 

-3 

-4 

-4 

-3 

-3 

-3 

-1 

0 

0 

3 

3 

3 

0 

0 

0 

-2 

-2 

-2 

-2 

-2 

-2 

-1 

-1 

-1 

0 

0 

0 


Hysteresis 




Calibration Analysis: 
Non-Linearity: 4 


Repeti ti on 

Loading : 1 

Uni oadi ng : 0 

Zero Load: 0 

Max. Load: 0 

End Point : 3 

Hysteresis : 2 


parts 

in 3,175 

— 

0.13 

parts 

i n " 

- 

0.03 

parts 

i n 

= 

-- 

parts 

i n 



parts 

in 

= 


parts 

in " 

= 

0.09 

parts 

in 

= 

0.06 


1. All ye readings are with gage factor setting of 2.0. 

2. To convert to mV/V, divide ye values by 2000. 
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SECTION 3.3 


DEMONSTRATION SUBCOMPONENT SPECIMENS 
TEST SETUP 

Both of the subcomponent specimens were tested in the 1,100,000 pound 
capacity Baldwin test machine. After instrumentation was completed, each 
specimen was attached to the test machine clevises at the end fittings 
through a pin loading arrangement. Figures 36 and 37 show 
subcomponents #1 and #2 mounted in the test machine. The presence < 
relatively large aluminum fittings on one side of the specimen re c 
in a lack of symmetry which could have resulted in out-pf-plane 
Therefore, the same side restraint system (described in previous secuuns 
of this report) was used for the two subcomponent tests. Figures 38 through 
40 show the side restraint system from several angles with the test 
specimen(s) in place. 
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FIGURE 36 DEMONSTRATION SUBCOMPONENT #1 
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FIGURE 37 DEMONSTRATION SUBCOMPONENT #2 
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FIGURE .'38 SIDE RESTRAINT SYSTEM - SUBCOMPONENT #1 
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FIGURE 39 SIDE RESTRAINT SYSTEM - SUBCOMPONENT #1 
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FIGURE 40 SIDE RESTRAINT SYSTEM - SUBCOMPONENT #2 



SECTION 3.4 


DEMONSTRATION SUBCOMPONENT SPECIMENS 
TEST PROGRAM - PROCEDURES AND RESULTS 

The demonstration subcomponent specimens were both tested to static 
failure under axial tension load. After installing each specimen in the 
test machine, the load application and data aquisition systems were 
checked for proper operation. The testing procedures were essentially the 
same for both tests. A representative limit load level was determined for 
each specimen on the basis of analysis predictions. For each test, the 
specimen was loaded to the limit load level, a visual inspection was 
conducted, and the applied load was increased at a continuous rate to 
static failure. Single data points were taken in increments of 20,000 
oounds for strain qaqe, load indicating bolts, and load cell output, up to 
the limit load level. Strain and load output data were read continuously 
from limit load to failure. 

Subcomponent #1 was loaded in axial tension to static failure at an 
ultimate load of 270,000 pounds. This corresponds to an average 
gross-section stress and strain of about 47,500 psi and 5,100 microstrain. 

The failure occurred in net-section tension through the first row of 
fasteners entering the joint as shown in Figures 41 and 42. This was precisely 
the predicted failure mode, and the 270,000 pound failure load was 4% 
above the analytically predicted strength. The strain gage, load bolt, 
and load cell data gathered throughout the test are presented graphically 
and numerically in Appendix B. The results of a linear analysis of joint 
behavior have been included on each plot. As expected, very little load 
was passed through the aluminum fitting, which sat above one of the 
titanium splices through which most of the load was transferred. The onset 
of nonlinearity in the specimen behavior is evident from the load-strain 
plots at roughly the 200,000 pound load level. (No evidence of damage or 
nonlinear effects were observed during the visual inspection at the 
160,000 pound load level.) Note that while the analysis results plotted 
along with test data in Appendix B were derived from a linear solution, 
the final joint strength prediction shown in Table II was bas^d on the 
results of a nonlinear solution. 
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The static test of Subcomponent #2 had similar results. Failure occurred 
at an applied load of. 115,400 pounds, corresponding to a gross-section 
stress of 46,200 psi. and strain level of 4,970 microstrain. The 

' ' v | . j j>.i j "J » ^ : 

failure mode was again a net-section tension failure >in ; .*<tj|e two ^composite 
members through the first row of bolts as shown in Figures 43 and 44. The failure 
load was approximately 28% above the original analysis prediction of 90,000 lb. 
However, a post- test examination of the analysis model revealed that the 
end constraints had not been properly represented, resulting in an overly 
conservative solution. The strain gage, load bolt, and load cell output 
are presented in graphic and tabular form in Appendix B. 

The results of these tests provided the confidence level in both the 
design concepts and the analysis methodology to design and build the 
large technology demonstration specimen. 
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FIGURE 42 SUBCOMPONENT #1 - FAILED SPECIMEN 
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FIGURE 44 SUBCOMPONENT #2 - FAILED SPECIMEN 


SECTION 4.1 


TECHNOLOGY DEMONSTRATION TEST PROGRAM 
TEST ARTICLE 

The Phase II test program culminated in a static test of a large bolted 
joint representing the lower rear spar and wing splice at the side of 
fuselage attachment. The design concept shown in Figure 45 presented a 
challenging task from both an engineering and manufacturing standpoint. 

The composite joint members consisted of the wing skin, spar cap, and spar 
web members, while all the splices and fittings were made of titanium and 
aluminum, respectively. The titanium "tee" splice is representative of 
the side of the fuselage bulkhead. The wing skin, spar cap, and spar web 
members were fabricated with the same 10-mil tape material as previous 
specimens using the (37.5% 0°, 50% ±45°, 12.5% 90°) fiber pattern. The 
lower wing cover panel structure away from the joint was designed to an 
ultimate strain level of roughly 5,250 microstrain, with a skin-stringer 
load intensity of 30,000 pounds-per-inch . In order to reduce the 
complexity of the test, the dihedral and sweep break that would be present 
in the actual baseline structure were eliminated. 

Portions of the detailed assembly drawing are shown in Figures 
46 and 48. The entire specimen including the end fittings was 
100 inches in length between the centerlines of the pin loading 
attachments. The end fittings, made of 7075-T6 aluminium, were 
designed to a high margin of safety over the strength of the 
composite joint test section. The centerline of applied load 
from the fitting was adjusted in order to minimize the asymmetric 
effects induced by the shifting center of mass along the specimen 
length. Despite the effort to reduce these out-of-plane forces, 
provisions were made for side restraints to be attached at the 
specimen centerline as shown in Figure 48. For this test, the 
wing skin extended chordwise to a point even with the full design 
width of the spar cap, which is just in-board of the aft stringer. 
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FIGURE 45 TECHNOLOGY DEMONSTRATION JOINT 
















FIGURE 47 TECHNOLOGY DEMONSTRATION ARTICLE - END FITTINGS 
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FIGURE 48 TECHNOLOGY DEMONSTRATION ARTICLE - 
CROSS-SECTIONS 
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The specimen is shown at various stages of assembly in Figures 49 through 
52. All of the composite joint members were flat plates, except 
for the spar cap members which were angle sections. The two spar cap 
members were fabricated on an aluminum male tool with the required 
thickness transitions machined into the tool surface. The spar cap member 
is shown in Figure 49 with the rest of the elements, trimmed to final 
dimensions with fastener holes drilled and ready for assembly. Figure 50 
shows the specimen partially assembled. Titanium fasteners were used in 
all cases and tapered metallic surfaces were spotfaced to accommodate 
fastener seating. A closeup view of the bolted joint area is shown in 
Figure 52. 

All test laminates were c-scanned prior to assembly. In all but one case, 
the c-scan results identified no anomalies. However, a c-scan of one of the 
spar cap members did show a region of questionable quality in the 
standing leg of the spar cap. The problem area appeared in the 
0.50-inch thick section prior to the thickness buildup into the end 
fitting. Since the test was to be conducted under static tension loads 
only (no fatigue or load reversal), the decision was made to accept the 
part and complete the assembly. Field fasteners were added to the 
specimen prior to testing, representing the typical out-board attachments 
between the skin, spar, and web elements. Standard bolt torque values 
were used in all cases. 



JOINT TEST SECTION (METAL SPLICE MEMBERS) 
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FIGURE 49 TECHNOLOGY DEMONSTRATION SPECIMEN ASSEMBLY 
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FIGURE 52 TECHNOLOGY DEMONSTRATION SPECIMEN 
TEST SECTION 


SECTION 4.2 


TECHNOLOGY DEMONSTRATION TEST 
INSTRUMENTATION 

The technology demonstration article had 25 axial strain gages mounted to 
the specimen as shown in Figure 53 . Gage locations were selected to 
provide measurements of the amount of load distributed to each composite 
member and, where possible, to each splice member. Additional gages were 
placed along the bolted joint between rows of fasteners, at or near the 
critical locations as predicted by preliminary stress analysis. The 
strain gages were type EA-06-125AC-350. Surface preparation and methods 
for the attachment of gages to the specimen were the same as in previous 
tests. Ths side restraint at the specimen centerline was equipped with 
two 20,000 pound capacity load cells to monitor any out-of-plane forces 
induced by the applied tension loads. 

The data aquisition system consisted of a Perkin Elmer computer which 
received the output from strain gages and side restraint load cells, and 
monitored the load applied by each of the two load actuators. The system 
was capable of single point or continuous read of strain gage and load 
cell output. A two channel strip chart recorder was used as a back-up - 
to the digital system. Limit switches were included in the load control 
system to ensure that the intended load levels were not inadvertently 
exceeded. 

The specimen is shown in Figures 54 through 57 with all strain gages 
attached and ready for test. 
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FIGURE 53 TECHNOLOGY DEMONSTRATION ARTICLE - STRAIN GAGE LOCATIONS 
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FIGURE 54 TEST ARTICLE AFTER INSTRUMENTATION - SPAR CAP SIDE 


INNER (SPAR CAP) SPLICE 
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FIGURE 55 TEST ARTICLE AFTER INSTRUMENTATION - SPAR CAP SIDE 





FIGURE 56 TEST ARTICLE AFTER INSTRUMENTATION 







SECTION 4.3 


TECHNOLOGY DEMONSTRATION TEST 
TEST SETUP 

The static tension test of the technology demonstration article was 
conducted in a 2,500,000 pound capacity test tower, shown in Figures 58 
and 59. Two 500,000 pound capacity load cells were used to apply the test 
loads (Figure 60). After completing the instrumentation procedures, the 
specimen was mounted in the test machine with large diameter steel pins 
attaching to a clevis arrangement which branched out to the two load 
actuators as shown in Figure 61. The same attachment system was used at 
the opposite end of the specimen (Figure 62). After properly positioning 
the specimen in the test fixture, the side restraints were attached to the 
aluminum loading plate at the specimen centerline. One of the side 
restraint load cells is shown prior to attachment to the specimen in 
Figure 63 . 
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FIGURE 58 TECHNOLOGY DEMONSTRATION TEST SETUP 
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FIGURE 59 TECHNOLOGY DEMONSTRATION TEST SETUP 
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FIGURE 60 TECHNOLOGY DEMONSTRATION TEST - LOAD ACTUATORS 
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FIGURE 61 TECHNOLOGY DEMONSTRATION - LOWER END FITTING 
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SECTION 4.4 

•TECHNOLOGY DEMONSTRATION TEST 
TEST PROGRAM - PROCEDURES AND RESULTS 

The technology demonstration test was a static tension test to failure. 

The general procedures consisted of a ."limit load" test, return to zero 
load, visual inspection, and static test to failure. After completing a 
check of the load application and data aquisition system, the testing began 
with the limit load test. The specimen was loaded to 300,000 pounds of 
applied load. The loading was applied in increments of 25,000 pounds with 
strain gage and load cell data points taken at each increment. The 
specimen load was then returned to zero and a visual inspection of the 
specimen was conducted. The inspection revealed no flaws or damage to the 
specimen. A review of the strain data to the 300,000 pound level did not 
show any nonlinearities in the specimen behavior. Plots of the strain 
gage data for this initial run are presented in Appendix C, along with the 
corresponding analysis predictions. The static test to failure then began 
with load applied in 25,000 pound increments (as in the first run) to the 
300,000 pound load level. The specimen was then loaded continuously to 
failure, with continuous recording of strain gage data throughout. 

Failure of the specimen occurred at an applied tension load of 488,000 
pounds, roughly 92 percent of the predicted test section strength (based 
on equal load sharing between skin and cap members). However, the failure 
was located in the end fitting area, away from the joint test section, as 
shown in Figures 64 and 65 . A closeup view of the failure shown in 
Figure 66 shows that the spar cap member was actually delaminated starting at 
buildup in thickness on the inner surface of the cap to the first row 
of fasteners in the end fitting, where a net-section failure occurred in 
the reduced thickness of the spar cap member. The skin and web members 
failed through the first row of field fasteners. Although it is not 
possible to verify the actual cause of failure, it appears that the failure 

was in fact, initiated by the delamination of the spar cap member. (It was 
this laminate, as previously discussed, which showed questionable c-scan 
results in the vicinity of the delamination.) It appears that once this 
delamination extended to the first row of fasteners in the end fitting. 
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FIGURE 66 TECHNOLOGY DEMONSTRATION TEST #1 - END FITTING FAILURE 
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the effective thickness at the net-section was reduced by one-third to the 
0.50 inch thickness of the basic cap section. A net-section tension 
failure then occurred in the cap member. This was followed by the 
net-tension failure in the skin and web members at the first row of field 
fasteners. This failure sequence seems logical, since after failure of 
the spar cap member, all of the applied loads would have to be carried by 
the skin and web members. The first row of field fasteners thus became the 
first row of bolts through which load was being transferred (back into the 
spar), forcing the final net-tension failure to occur. A graphic 
representation of the failure is shown in Figure 67 . 

The technology demonstration test article was fully disassembled and 
visually inspected. The appearance of the broken joint members 
substantiated the initial observations and conclusions regarding the 
cause and mode of failure. C-scan results of the unfailed portions of the 
joint show that irreversible damage had occurred in the critical joint 
locations. This indicates that the specimen was close to failing in the 
test section when the premature end fitting failure took place. The 
c-scan results in Figure 68 correspond well with the results of c-scans 
performed on the unfailed side of several Phase I subcomponent joints, 
which had essentially reached their ultimate load capacity, but had failed 
in the opposite (mirror image) side of the specimen (Reference 1). 

Strain gage data for the static test to failure are presented in Appendix C. 
Strain level predictions based on a linear analysis of the joint behavior 
are plotted along with the test results. As with previous tests, two gage 
readings are plotted on each page. The readings are plotted in numerical 
order and are not necessarily related. 

After reviewing the possible program options, the decision was made to 
refurbish the failed specimen and conduct another static test. This effort 
was conducted under Douglas development funds. The following section of 
this report describes the Douglas sponsored effort, from the fabrication 
of replacement parts to the results of a second static test. 
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FIGURE 68 C-SCAN RESULTS SPAR CAP MEMBER ;! |j <J ij 
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SECTION 

TECHNOLOGY DEMONSTRATION ARTICLE 
SPECIMEN REBUILD AND TEST 

In an effort to achieve the initial objectives of the technology 
demonstration program, a Douglas sponsored effort was initiated to rebuild 
the test article and conduct another static test. The goal was to fail 
the specimen at the critical location in the test section, without 
suffering a premature failure at some other location. Since it was 
determined that the prior specimen failure was the result of a poor 
quality laminate, the decision was made to replace the broken parts with 
"dummy" joint members and re-test the specimen. 

After visual inspections and NDI of the unfailed parts were completed, the 
specimen was re-assembled from one end fitting to the joint centerline. 

Two aluminum plates were designed and fabricated to replace the three 
composite joint members from the failed side of the specimen. One 
aluminum plate replaced the wing skin and spar cap members, while the 
other replaced the upper leg of the spar cap angle section and the 
attached web member. The aluminum parts were machined to the exact 
thicknesses of the original composite parts, both in the joint test 
section and end fitting areas. This facilitated the specimen re-assembly 
by ensuring proper fit and alignment between members. The re-assembly was 
completed with no shimming required. 

The aluminum plates were made of 7075-T6 material. Since the Young's 
modulus value for this alloy is within about 10% of the value for composite 
laminates used in the specimen, it was determined that the resulting 
stiffness imbalance would be minimal and have virtually no effect on the 
joint load distributions. The 7075-T6 material was of sufficient ultimate 
tension strength to ensure that the failure would occur in the composite 
joint members. The specimen is shown with a view of the aluminum 
replacement section of the joint from several angles in Figures 69 
through 71 . The overall test setup is shown in Figure 72 . 
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FIGURE 69 JOINT RE-TEST WITH ALUMINUM REPLACEMENT PART 
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FIGURE 70 JOINT RE-TEST WITH ALUMINUM REPLACEMENT PART 
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FIGURE 71 JOINT RE-TEST WITH ALUMINUM REPLACEMENT PART 
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FIGURE 72 JOINT RE-TEST SETUP 
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Strain gage locations were identical to the previous test except for those 
gages which had been mounted on the failed composite members. One strain 
gage was placed on each aluminum replacement part to monitor the 
respective load levels. The locations of gages 1 through 21 were unchanged 
and were mounted as shown in Figure 53. Gages 22 and 23 were relocated on 
the aluminum web and skin members, respectively. The test specimen is 
shown in Figure 73 with the strain gages attached to the composite joint 
members. The same side restraint system was also used, as shown in Figure 74. 
The data acquisition system and test procedures were essentially the same. 

The only significant change was that the specimen was loaded directly to failure 
with no return to zero load at any point throughout the test. Strain readings 
were again taken at 25,000 pound increments up to 300,000 pounds applied load, 
followed by continuous read to failure. 

After reinstalling the specimen in the test fixture, the second static 
test was conducted with excellent results. The specimen failed at an 
applied load of 484,420 pounds with both the failure load and location 
showing good correlation with analytical predictions. The failure load of 
484,420 pounds corresponds to a far-field stress level of around 46,500 psi . 

The maximum strain in the composite laminates at failure was slightly above 
5000 microstrain, which occurred in the spar cap member. The failure was 
a net-section tension failure through the first (outermost) row of 
fasteners in the joint test section as shown in Figure 75. The wing 
skin, spar cap, and spar web members all failed through this location. 

Figures 76 through 78 show several views of the failed specimen, still in the 
test machine. In general, the failure was a very clean break, particularly 
through the skin and cap members where there was very little evidence of 
delamination. 


The failure load for the second test was nearly equal to that of the 
initial test, which resulted in the premature end fitting failure. The 
failure load for the second test (actually slightly lower than the first 
test) is attributable to the difference in stress (or strain) levels 
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between the composite skin and spar cap members; particularly as compared 
to the analysis solutions. It was recognized at the outset of the 
analysis effort that a precise representation of the test specimen 
including the effects of the actual test machine fixturing would be a 
difficult task. While the finite element solution for the demonstration 
joint analysis did indicate that the composite spar and skin members were 
carrying very nearly the same load, the actual test measurements showed 
that the spar cap member was working to (roughly) a 10 percent higher 
strain level than the skin member. This phenomenon is a probable cause for 
the joint failure occurring at a lower applied load than had been 
analytically predicted. This also indicates that the test section was 
very close to failure during the initial test. 

Strain gage readings for the second static test are plotted against 
applied load and presented in Appendix C. The darker, slightly scattered 
portions of the plots indicate that continuous read of strain gages was 
underway. 
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FIGURE 73 DEMONSTRATION JOINT TEST SECTION 
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FIGURE 76 TECHNOLOGY DEMONSTRATION - TEST SECTION FAILURE 
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FIGURE 78 TECHNOLOGY DEMONSTRATION - TEST SECTION FAILURE 
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SECTION 

CONCLUSIONS 

* 

The tests conducted under the Phase II program have demonstrated the 
ability to design and fabricate bolted joints In large composite wing 
structures which meet the design requirements of a large commercial 
transport aircraft. Gross-section stress levels of 45,000 to 50,000 psi . 
and corresponding strain levels on the order of 4,700 to 5,000 microstrain 
were achieved along with good correlation between analysis and test 
results. The results of the test program are summarized in Table II. 

The stringer transition joint specimen was successful in providing an 
• r ficient means of load transfer with a minimum of design complexity. The 
isults of the photo-elastic survey seem to indicate that a more gradual 
carf angle for the stringer blade would be beneficial. Nevertheless, the 
ested configuration for the stringer runout demonstrated the level of 
.tructural integrity required to equal that of the bolted joint 
structure. This concept avoids the need for a bolted splice through the 
stringer blade itself, greatly simplifying fabrication and assembly 
requirements. 

The results of the demonstration subcomponent tests provided the necessary 
level of confidence in the analysis methodology developed throughout the 
program. The principle of designing to a high bypass/low bearing load 
combination at the first row of fasteners for maximum efficiency in a 
multi row joint was demonstrated in each case. 

The testing of the technology demonstration article successfully concluded 
the test program and demonstrated the ability to design and fabricate a 
large composite bolted joint representative of the load levels and 
complexity found in transport wing structure. While the second static 
test was successful, the premature end fitting failure suffered during the 
first run restates the need for reliable flaw/ damage assessment techniques 
and suitable acceptance criteria. 
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The stress and strain levels achieved during this program were near the 
highest attainable for the material system and fiber patterns used. The 
benefits and improved performance afforded by some of the new high stress/ 
high strain fibers and tougher resin systems will translate directly into 
higher strengths for bolted composite joints. 

All of the joints tested during Phase II of the program were loaded in 
static tension. The ability to attain similar joint strengths in 
compression was demonstrated during the Phase I effort, although the 
failure modes and associated analysis methods required for compression 
joints warrant further development. In any case, the use of metallic 
splice members eliminates the potential for the typical compression 
failure modes suffered by composite laminates which are not fully 
clamped up in double shear. In addition, the presence of out-of-plane 
forces in complex joint structure such as the technology demonstration article 
suggests that metal materials are a logical choice for splice members 
For a large transport wing, the splicing members account for a small 
percentage of the total wing weight, so that the use of metals in this 
application has a minimal effect on the overall weight savings attainable 
through the use of advanced composite materials. 
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PHASE II TEST PROGRAM 
TECHNOLOGY DEMONSTRATION TEST RESULTS 
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APPENDIX A 

STRINGER TRANSITION TEST DATA 

SG# - Strain Gage Number 
LR# - Load Restraint Number 
15 Strain Gages 
1 Load Restraint 


Strain Gage Locations shown on pages 17 - 19. 
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Failure of S613 During Continuous Ramp from 100,000 to 120,000 lbs. 
The 9658 in/in Reading is Full Scale on the Data System 
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APPENDIX B 


Demonstration Subcomponent Test Data 

Subcomponent #1 - Page B2 

(ZJ117560) 

Subcomponent #2 - Page B17 

(ZJ117561) 
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Subcomponent #1 Test Data 
(Dwg. No. Z J 117 560 ) 

SG # - Strain Gage Number 

LB # - Load Bolt Number 

(Strain Indicating Fasteners) 

14 Strain Gages 
2 Load Bolts 

Strain Gage locations shown on Page 47 . 

Plots labeled with digits (strain gage numbers) 
Indicate analysis results. 
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Subcomponent #1 
(DWG. No. ZJ 117560) 

CRITICAL JOINT TEST (BLDG 3) 
STRESS SURVEY 4 LOAD TO FAILURE 
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Subcomponent #2 Test Data 
(Dwg. No. ZJ117560) 

SG # - Strain Gage Number 

LB # - Load Bolt Number 

LR # - Load Restraint Number 

12 Strain Gages 

1 Load Bolt 

1 Load Restraint 

Strain Gage locations shown on Page 48 
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